Abstract We report on the observation of an anomalously high attenuation of high frequency surface acoustic waves by thin films of liquid 4 He. The piezoelectric acoustic waves propagate along the surface of a lithium niobate substrate, which is coated with varying amounts of liquid helium. When the thickness of the helium layer is much larger than the wavelength of the surface acoustic wave on the substrate its attenuation is dominated by the excitation of compressional waves into the liquid, in good agreement with theory and previous measurements. However, for sufficiently thin helium coverage, we find that the acoustic wave attenuation is significantly increased beyond that measured with the substrate submerged in bulk liquid. Possible mechanisms for this enhanced attenuation are discussed.
Introduction
The propagation of high frequency surface acoustic waves (SAWs) on a crystalline piezoelectric substrate are exquisitely sensitive to their physical environment. For this reason they have proven to be a versatile tool for studying a wide variety of physical systems placed in close proximity to the surface wave. These range from molecular adsorbates [1, 2] to two-dimensional electron systems [3, 4, 5, 6, 7, 8] to superconducting qubits [9, 10] , just to name a few. SAWs have also found utility in studying quantum fluids where they have been used to explore the bulk acoustic properties of liquid 3 He and 4 He [11, 12, 13 , Block diagram of the circuit used for measuring the attenuation of pulsed SAWs. As described in the text, by measuring the time-of-flight signal we are able to disentangle direct capacitive crosstalk between the two interdigitated transducers as well as multiply reflected SAW pulses.
14, 15] and to investigate superfluidity of extremely thin films (2-10 monolayers) of 4 He [16, 17, 18] . However, to our knowledge, no surface acoustic wave experiments have been performed on helium films having a thickness on the order of ∼ 10−100 nm, where one would expect strong coupling of the SAW to excitations in the liquid helium surface. Moreover, since films of this thickness are routinely used as a substrate in experiments with electrons on helium [19, 20] , understanding the coupling of a piezoelectric surface wave to the helium film is a prerequisite for future SAW measurements of the non-degenerate twodimensional electron system that can be created on the surface of the liquid.
In light of this, we have performed pulsed measurements of the attenuation, α, of high frequency SAWs on the surface of lithium niobate caused by thin films of liquid helium. We find that for superfluid films with a thickness of ≈ 100 nm the SAW attenuation anamolously exceeds that of bulk helium at the same temperature. We speculate that this increased attenuation is due to the electrostrictive coupling between the piezoacoustic wave and excitations in the helium film surface.
Experiment
The SAW attenuation experiments reported here were performed using a YZ cut lithium niobate (LiNbO 3 ) single crystalline wafer as a substrate for SAW propagation. To excite and detect SAWs, two identical interdigitated transducers (IDT) were patterned on the surface a LiNbO 3 chip in the form of a delay line along the crystallographic x-axis using conventional photo-lithography (see Fig. 1a ). Resonant SAWs are launched by applying a high frequency signal between the transducer fingers of the exciter to create an elastic distortion of the piezoelectric substrate beneath the IDT. In this configuration, Rayleigh mode surface acoustic waves with components parallel (longitudinal) and perpendicular (transverse) to the wave propagation are launched along the LiNbO 3 surface toward the detector IDT. The fundamental resonant frequency of our Rayleigh wave SAW device is ν = v s /λ = 291 MHz, dictated by the IDT finger periodicity, λ = 12 µm, and the speed of sound in YZ-cut LiNbO 3 , v s = 3488 m/s. The frequency response of the SAW delay used in our attenuation measurements was characterized using an Agilent N5230A vector network analyzer. Fig. 2 shows the measured transmission coefficient, S 12 , of the delay line as a function of frequency at T = 1.55 K in vacuum. The resonance in the transmitted power at ν 296 MHz is associated with the generation of SAW in the substrate. The measured resonance is a few percent larger than the expected value, likely due to an increase in the elastic moduli of LiNbO 3 at cryogenic temperature. Fig. 1b shows a diagram of the circuit used to measure the attenuation of the piezoelectric waves. Pulsed SAWs are created by gating a continuous wave signal using a fast solid-state switch. For the measurements reported here the pulses had a width of 3 µs and were repeated at a frequency of 1 kHz. The received SAW signal at the detector IDT was amplified by 30 dB and measured using a calibrated crystal diode detector (Krytar Model 203AK S/N 00277). A boxcar integrator was used for time-of-flight measurements. This mode of operation allows us to disentangle the piezoacoustic signal from direct capacitive crosstalk between the two IDTs as well as multiply reflected surface acoustic wave pulses within the delay line.
To study the surface acoustic wave attenuation in liquid 4 He, the SAW device was mounted inside of a hermetically sealed copper cell attached to a closed cycle 1K cryostat. Helium gas was supplied into the cell at T 1.55 K through a capillary fill line. A resistive thermometer located outside of the cell and calibrated relative to the known superfluid transition temperature of 4 He was used to measured the temperature of the liquid helium. The liquid helium volume admitted into the cell was determined by varying the pressure in a calibrated standard volume of 260 cc at room temperature. The thickness of the helium film can be estimated from [21] ,
where γ is the van der Waals constant, ρ is the mass density of 4 He, g is the acceleration due to gravity, and H is the distance from the LiNbO 3 surface down to the liquid helium level in the reservoir volume in the cell. Three-dimensional modeling of the experimental cell open volume was used to calculate H from the volume of helium admitted into the cell from the calibrated volume at room temperature.
Results and Discussion
Before presenting our results on thin liquid helium films, we first demonstrate that we are able to use our measurement setup to reproduce the known temperature dependence of Rayleigh wave attenuation by bulk liquid helium. Rayleigh mode surface acoustic waves are attenuated by contact with a bulk liquid due to the surface-normal component of the particle motion and that of the co-propagating piezoelectric field. These components generate longitudinal compressional waves upward into the liquid, dissipating most of the acoustic energy [11, 22] . This method of energy loss is closely related to the problem of the Kaptiza resistance based on the acoustic mismatch between liquid helium and a solid substrate [21, 23] , whereby longitudinal waves having a velocity v are emitted into the liquid from the substrate surface at an angle φ = arcsin(v/v s ). In addition to this mechanism, the in-plane shear component of the SAW can also radiate energy into a fluid over the viscous penetration depth,
where η and ρ are the viscosity and mass density of the fluid. However, SAW energy lost to shear is two to three orders of magnitude smaller than longitudinal absorption in our temperature range and is negligible even for our measurements in thin helium films. Our results for the temperature dependence of the SAW attenuation produced by bulk liquid helium are shown in Fig. 4 as the solid red curve. For comparison we also show the prediction for the attenuation (dashed red curve) based on the loss of SAW energy in the form of longitudinal compressional waves [22] . As expected, our measurements are in good correspondence with theoretical prediction. Moreover, our results for bulk helium are also in good agreement with previous measurements of the attenuation of piezoelectric Rayleigh waves by liquid helium [11, 12, 13, 14] .
Unexpectedly, however, we find that when the thickness of the liquid helium layer is sufficiently reduced an anomalously large attenuation can be induced. In Fig. 4 we show measurements of the SAW attenuation (solid blue data) at T = 1.55 K while increasing the volume of helium in the cell by small increments. With an increasing amount of helium we observe a rapid increase in the SAW attenuation once the thickness of the superfluid film reaches 70 nm (dashed vertical line in Fig. 4 ) and for films having a thickness of approximately 100 nm we reproducibly find an attenuation greater than that produced by bulk helium. For reference we plot the SAW attenuation measured in bulk helium at the same temperature as the red horizontal line in Fig. 4 . We emphasize that this anomalously large attenuation is reproducible on multiple fillings of the experimental cell and additionally is insensitive to the tilt of the cryostat with respect to vertical. Moreover, we find that this phenomenon is not restricted to superfluid helium but rather persists into the normal state.
Fig . 4 Attenuation, α, of Rayleigh waves on LiNbO 3 in contact with thin films of liquid helium at T = 1.55 K and ν = 296 MHz. The measurements are made by incrementally admitting small amounts of helium gas into the cell from a standard volume at room temperature (lower horizontal axis). The vertical dashed line indicates the estimated thickness of the helium film on the LiNbO 3 surface based on Eq. 1 and the height H from the substrate to the bulk helium reservoir level in the cell (top horizontal axis). For comparison, the horizontal solid red line indicates the SAW attenuation due to bulk liquid helium at the same temperature.
To our knowledge, no prior measurements of the attenuation of high frequency SAW have been made in this regime of helium thickness nor is there a theory describing the coupling of SAWs to such films. We speculate that the occurrence of the attenuation anomaly reported here for thin helium films can qualitatively be understood in terms of a coupling between the piezoelectric surface wave on the LiNbO 3 substrate and excitations in the helium surface. While the physical displacement of atoms associated with the SAW is at the angstrom scale, the SAW piezoelectric field has a spatial extent on the order of the SAW wavelength, which in our case is 12 µm. In fact, it is well-known that an electric field gradient can exert a force to move liquid helium via electrostriction, an effect which has even been utilized in developing a number of recent superfluid optomechanical systems [24, 25, 26, 27] . It is possible that an electrostrictive coupling between the LiNbO 3 surface wave and the liquid helium surface conspire to produce a new mode of energy loss not present in bulk helium. Finally, we note that our observation of enhanced attenuation in thin normal helium films is able to rule out the coupling of SAWs to third sound as the sole mechanism for increased SAW energy loss.
Conclusion
In conclusion, we have performed high frequency SAW attenuation measurements in thin films of superfluid and normal 4 He where we find an anomalously large loss of energy from the piezoelectric surface wave into the liquid. We suspect that this increased attenuation is associated with electromechanical excitation of the helium film surface via a coupling of the SAW electric field to the dielectric constant of liquid helium.
